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Introduction 

The 

BREADBOARD TESTS 

OF THE 

SURFACE MAGNETIC SUSCEPTIBILITY C O I I S  

resu l t s  of the feas ib i l i ty  study concerning the 

measurement of magnetic susceptibil i ty on the surface of the mom, 

as presented i n  Partial Report No. 7, were, br ief ly ,  as follows: 

1. Variation of mutual and se l f  inductance of a 

three c o i l  system placed upon a plane surface could be employed t o  

determine the in-s i tu  magnetic susceptibil i ty of the  material 

lying below the surface. 

2. The response of the three c o i l  system to  

var ia t ion i n  height above the surface allows an "operating point" 

t o  be so chosen, f o r  each co i l  s ize  and geometry, t ha t  surface 

roughness will produce a minimum error i n  the experimentalmeasures. 

3. For an assumed "surface roughness" an optimum 

c o i l  s ize ,  geometry, and operating height can be chosen t o  

: minimize e r rors  of measurement. 

4. Applying the original surface roughness specifl-  

cation "protuberances of up t o  10 cm" required a c o i l  system 50 cm 

i n  diameter. 

This w a s  too large t o  be stored within, and manipulated 

from, the proposed spacecraft. 

compromise t o  evaluate, for the breadboard model, a c o i l  system 

Thercfore, i t . w a s  decided as a 

12.5 in.  in diameter. Also, it was  decided that  a very small 

c o i l  system (2.625 in. diameter) should be examined t o  see whether 

o r  not added convenience of storage and handling could be gained 
r )  

1: 794 . 37-1 



without undue sacrifice in quality of data. 

Obj ec t 

To obtain performance data as described in 0 U " E  OF 

BREADBOARD TEST EXPERIMENTS and to show precision of measure- 

ments using a 12.5 in. diameter and a 2-5/8 in. diameter coil 

arrangement. 

Description of Apparatus 

Large Surface Coil8 

The 12.5 in. diameter coils were built as shown in 
The epoxy coil spools are 12.5 in., 10.5 in., and 4.5 Fig. 1. 

in. in diameter with 350, 300, and 500 turns, respectively, of 
No. 28 double formvar copper wire. The 4.5 in. receiver coil is 

concentric and coplanar with the 12.5 in. transmitter coil. The 

10.5 in. diameter transmitter coil is coaxial with an4 approxi- 

mately 2 in. above the coplanar arrangement. 

connected so that the fields of the two transmitter coils are 

opposing and thus generate a signal in the receiver coil which 

The coils are 

is approximately zero in amplitude. Four brass screws connected 

to the upper transmitter coil allow the mutual inductance 

between this coil and the receiver coil to be varied. 

bridge (Fig. 2) connected to the coils and the bridge resistance8 

set at approximately the values desired, the four brass screws 

are adjusted until a null is detected. A change in the value of 

the bridge setting is then required to correctly phase the bridge 

With the 

1:794.37-2 6 
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t o  the phase of the  signal geaerated i n  the receiver coil .  

It is possible to  s e t  the coil positions so that  a8 the 

coi l s  are placed Over a material having a larger magnetic sus- 

cept ib i l i ty  than air ,  the voltage generated i n  the receiver c o i l  

w i l l  change phase 180'. I f  t h i s  occurs, the posit ion of the coil 

must be changed u n t i l  a l l  magnetic suscept ibi l i t ies  above a i r  W i l l  

cause t h i s  voltage t o  increase i n  amplitude. 

To make measurements the co i l s  are first placed in air 

a t  least 3 f t .  above the material t o  be measured. The bridge 

resistances are varied u n t i l  a nul l  is obtained. The coil 

assembly is then lowered un t i l  it rests on the surface, Thia 

w i l l  unbalance the bridge. The bridge is  then rebalanced. The 

change in resistance is a function of the magnetic suscept ibi l i ty  

of the matertal. 

Small Surface Coil8 

The 2-5/8 in. surface coils w e r e  b u i l t  as shown in 

Fig-  3.* The c o i l  spools are 2-1/8 in. and 1.5 in,  i n  diameter 

and wound with 75 and SO0 turns of No. 29 copper w i r e .  

type of surface c o i l  requires another c o i l  arrangement located in 

a posit ion so that no change ia the f i e l d  surrounding it can 

occur. The two sets of coi l s  are connected so that  the trans- 

This 

mitter r o i l s  induce a 'current i n  the receiver c o i l  of one set 

that  opposes the current induced in the receiver c o i l  of the 

second set. The reference co i l s  are mounted so that  the m u t u a l  

inductance between the transmitter c o i l  and the receiver coil 

G 1 s. 

1 : 7 94 . 37-3 



can be changed. 

threaded epoxy rod and holding them i n  position by epoxy nuts. 

The correct position of the coi ls  on the reference set is 

determined by se t t ing  the bridge res i s tors  a t  approximately the 

values desired. 

varied with respect t o  the receiver c o i l  u n t i l  a nul l  is obtained. 

For a complete nul l  a change i n  the bridge set t ing i s  required to 
match the phase relationship of the bridge t o  that  of the signal 

from the coi ls .  

bridge the locking nuts on the reference co i l s  are  set. TO make 

a measureznent on an unknowa inagnetic suscept ibi l i ty  material the 

bridge is  balanced for  a condition where both co i l s  are i n  a i r  

(magnetic suscept ibi l i ty ,  1 x IOo6 cgs uni ts) ,  next the surface 

c o i l  is  placed with the f12t face egzinst the unknown mzterial, 

(the reference c o i l  is  s t i l l  i n  a i r )  and the bridge rebalanced. 

The change i n  the resis tance is  a function of the magnetic 

suscept ibi l i ty  of the material. 

This is accomplished by placing the co i l s  on a 

q, 

i 

Then the position of the transmitter c o i l  i 8  

When the co i l s  a re  operating i n  the range of the 

Preparation of Standards 

Methods of Obtaining Standards 

The cal ibrat ion of a device t o  measure in-s i tu  magnetic 

suscept ibi l i ty  requires a laboratory standard which, i n  practice, 

is d i f f i c u l t  t o  real ize ,  The two conditions which t h i s  standard 

must s a t i s f y  are: 

1. The magnetic suscept ibi l i ty  of the standard must 

be accurately known. 

1: 794.37-4 
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2. A large homogeneous volume of the standard 
material is required. 

Both 1 and 2 above can be satisfied by a solution of 

ferric chloride in water. 

mixed and by measuring its density, the magnetic susceptibility 

can be computed. 

determined magnetic susceptibility of 80 x loo6 cgs units. 

solution was placed in a plywood box 3 ft x 3 ft x l-l/2 ft 

which is sealed with a mixture of beeswax and paraffin. 

volume of the standard is not large enough for extremely accurate 

measurements, but considering the toxic nature of the ferric 

cXcri5e solution, it is as large as could be safely and con- 

veniently handled w i t h  existing facilities. 

were made by mixing known volumes of sand and iron filings. 

The solution can be homogeneously 

The ferric chloride solution used has 

The 

The . 

Secondary standards 

The 
magnetic susceptibility per unit volume is proportional to the 

amount of iron in the mixture, provided that the concentration 

\ 

of iron does not become so large that demagnetization occurs 1 . 
Dry silica blasting sand with grain sizes varying between 80 and 

120 mesh and 40 mesh iron filings are used to prepare secondary 

standards. 

volumetric ratio of 1000 ppm Fe, 10,000 ppm Fe, and 92,000 ppm Fe. 

The samples were placed in boxes identical t o  that used to 

Three samples were homogeneously mixed, having a 

h r .  Harold Moonep, University of Minnesota, acknowledged by 
telephone 

1: 794.37-5 



contain the f e r r i c  chloride solution. 

Method Used t o  Determine the  Magnetic Susceptibil i ty of 
Standards 

The large surface magnetic suscept ibi l i ty  coils w e r e  

first placed on the surface of 10,000 ppm Fe mixture. 

taken t o  determine the correct distance above the surface fo r  

optimum response. 

between air  and the mixture vs. height of c o i l  above the surfaca. 

From t h i s  plot ,  it is seen thsit the maximum change i n  (AR) occur8 

when the co i l s  are approximately 1 in. above the surface of the 

m i x t u r e .  * Since t h i s  distance is a t  the peak of the cume of AR 

vs. height, minimum error  w i l l  r e s u l t  fo r  measurements made over 

zn t n e g - 1 ~ ~  surface. 

surface of the c o i l  t o  maintain a distance of 1 in.  from any flat 

surface. Fig. 5 is a plot  showing change i n  bridge reading @R3) 

from a i r  t o  the mixture vs. the magnetic suscept ibi l i ty  in cgs 

uni t s  of the mixture. 

reading Over a l l  four mixtures, the primary standard ( fe r r ic  

chloride) and the three secondary standards. 

standard (magnetic suscept ibi l i ty  80 x loo6), w a s  p lot ted on the . 

"AR vs. Magnetic Susceptibility" graph. The points representing 

the iron-sand m i x t u r e s  cannot y e t  be plotted on t h i s  same graph. 

In order t o  plot  these points, a separate plot  must be made of 

Data were 

Fig. 4 is  a plot  of change i n  bridge reading 

Three supports w e r e  placed-on the lower 

This cume was constructed by taking a 

The primary 

change between bridge reading in going from air t o  standard VU. a, 

i 

ppm Fe i n  mixture (Fig. 6). The slope of the cume shown in e 
4 1:7% . 37-6 
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Fig. 6 is the same as the slope of a curve representing magnetic 

susceptibility; therefore., F i g .  6 can be overlayed on Fig.. 3 and 

the X ordinate slipped u n t i l  the cume of Fig. 6 passes through the 

80 x log6 cgs uni t  point of Fig. 5 .  

then located on Fig, 5, a conversion from ppm Fe t o  magnetic 

suscept ibi l i ty  has been made. 

The secondary standards are 

- 
Method Used t o  Simulate Surface Irregular i t ies  

Figs. 7 and 8 show the irregular surface with the coila 

shown in one of the positions a t  which a reading could be made. 

The i r regular  surface i s  made of 1/16 in. plexiglass. 

tuberances were made by.placing the sheet of plexiglass over 8 

hollow cylinder and heating. When plexfglaas was pliable, a 

blunt tool  with 3 in .  sphere as point w a s  pushed against the 

plexiglass and through the hollow cylinder. 

became cool the too l  w a s - r m e d  leaving a protuberance of the 

desired height. 

process ranging from 3 in. t o  4.5 in. i n  height, 

w a s  d r i l l ed  i n  each protuberance so that  when plexiglass 5s lying 

f la t  on the surface, the protuberances can be f i l l e d  w i t h  the 

material of the standard, 

The pro- 

When the p l edg la s s  

Three protuberances w e r e  made by the above 

A 1/2 in. hole 

Experimental Results 

The calibration curve which is used with the large 

c o i l  for  determining the magnetic suscept ibi l i ty  of an unknown 

material is shown i n  Fig. 5. In th i s  figure it can be seen that 

lo 1: 7 94 , 37 -7 



a demagnitization effect occurs as the curve approaches 10,000 

Kalashnikov3 in the development of similar type calibration 

x 10" cgs unite. This phenomena was experienced by Moaney 2 and 

The primary standard and the three secondary standards 

have been located on the curve. The 1000, 10,000 and 92,000 ppm 

iron filings in silica sand have a magnetic susceptibility of 
290, 2900, and 27,000 x lom6 cgs units. If a calibration c m e  

is needed which will extend to 100,000 x loo6 cgs units another 

secondary standard should be mixed having approximately 500,000 

ppm iron filing8 in sand, however, the demagnitfzatios effect 

would became so pronounced that it would be almost impossible t o  

interpret the data, 

A plot of change in bridge reading in going from air to 

the standard vs. the magnetic susceptibility for the small sur- 

face coils is shown in Fig. 9. 

per 

The change in bridge reading 

cgs units is approximately 1/7Sth of that for the large 

coils. This decrease in sensitivity is due to the decrease 19 

the mutuaI inductance of the coil system, 

With either coil system It is possible to remove the 

bridge and measure the resultant voltage on the outputs of the 

receiver coil. No work was done with this method because of 

%looney, Harold M., Mametic Susceptibility Measurements in 
Mixinesota, Geophysics, 1952 

3Kalashnikw, A. C., Determination of the Magnetic Susceptibi- . 
l i t y  of Rocks under Field Conditions, Izvest, Akad, Nauk 
SSSR, Ser. Geofie., 1954, NO. 5, 4l5-623 
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B 

d ,  B 

noise generated by local radio stations.  This noise i s  not constant 

because the coi ls  are not  always turned i n  the same direction and 

because the interference signals decrease i n  intensi ty  as the 

height of the co i l s  above the earth increases. The conductivity 

of the material being measured causes a phase s h i f t  which intro- 

duces an error,  however, the frequency is l o w  enough that  t h i s  

may not cause errors  great enough t o  be of concern. The feas ib i l i ty -  

of t h i s  method of making measurements should be hves;&ated. 

Fig. 10 is a plot of change i n  bridge readings i n  going 
from a i r  to  the irregular surface of the standard vs. dlfferent  

. placements of the c o i l s  Over the irregular surface (Fig. 7) for 

the l a r g e  diameter cotls. 

with no effort made t o  make the error  a m i n h .  

magnetic suscept ibi l i ty  of the standard was 2900 x loo6 cgs units,  

the minimum reading obtained was 2300 x loo6 cgs uni ts  which is 

an error  of -21%. The readings that  f e l l  above 2900 x loo6 cgs 

uni ts  were taken with the c o i l  s i t t i n g  i n  the position as shown 

i n  Fig. 7 (where the protuberances are surrounding the co i l s  and 

towering above them). 

Fig. 11 is a plot of the c b l g e  in bridge readings from 

Eight readings were taken and plotted 

The true 

a i r  to  the i r regular  surface of the standard vs. different  

placements of the s m a l l  co i l s  Over the irregular surface (Fig. 

8). 

unit  standard. 

which is an error  of -72a*s%. 

Six readings were taken and plotted over the 2900 x loo6 cgs 

The minimum reading was 8G0 x loo6 cgs uni ts  

1 : 7 94.37-9 
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If a comparison of the two se ta  of coi ls  i s  t o  be made 

on the b a s i s  of making measurements over an irregular surface 

the large co i l s  are be t te r  i n  that over the same irregular  sur- 

face an error of 21% exis ts  as compared t o  72.5%. 

error for  the small co i l s  exis t  for several reasons: 

response occurs when the co i l s  are f la t  on the surface. 

is a plot  of change i n  bridge r e a d i q  from reading on the surface 

vs. reading a t  given heights above the surface for  the small 

diameter coi ls .  

the surface an error  of 50% exists. 

volumetric magnetic susceptibil i ty of the material under the 

influence of t he i r  f ie lds ,  therefore, when the small co i l s  change 

from the i r  f l a t  most accurate measuring position t o  a posit ion ih 
which one side i s  i n  a i r  a few tenths of an inch, large errors  

exist .  This is not as pronounced an error for the large coils 

because the volumetric magnetic susceptibil i ty has changed very 

l i t t le.  

reading with no fissures vs. reading with designated f issures  

fo r  the small diameter coi ls .  

face with f issures  3/16 in.  w i d e  w i l l  produce errors  of 50%. 

P a r t  of t h i s  error  can be attr ibuted t o  the inhamogeniety of the 

material caused by the insertion of the 2/16 in. plexiglass 

plates. 

This large 

1) the peak 

Fig. 12 

It can be seen tha t  a t  a 3/16 in. height above 

2) The coi ls  average the 

Fig. 13 is a plot  of change i n  bridge reading from 

This plot shows that  a f la t  sur- 

T e s t s  were run t o  determine how near the co i l s  could 

The large be operated with respect t o  large masses of metal. e 
1:794.37-10 I )  
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coi l s  should be a t  leas t  4 f t .  from large sheets of aluminum or 

iron, the small coils could be operated within 8 in.  of these 

plates.  A test was run to  determine the e f fec t  of a 1/2 in. - 

aluminum tube on the large diameter c o i l s  - t h i s  aluminum tube 

could be used t o  lower the c o i l  after a reading w a s  taken i n  air. 

This tube should not be in  a position closer  than 24 in.  to the 

coi l s  when a reading i n  a i r  is taken. 

operated with the tube 8 in.  above them. 

the tube cause an e f fec t  which is not character is t ic  of the  C a l i -  

The small co i l s  can be 

The sheets of m e t a l  or  

bration samples i n  that  the bridge reading increases from the 

reading i n  air  as the m e t a l  becomes closer.  

be at t r ibuted t o  a distor t ion i n  the f i e l d  surrounding the co i l s  

This phenomena can 
I 
I 
I 

and t o  a large increase i n  the conductivity of the media. 

Conclusion 

The breadboard devices b u i l t  by Texaco t o  measure the 

in-situ magnetic suscept ibi l i ty  have a l inear  range t o  approxi- 

mately 10,000 x loo6 cgs uni ts ,  and a cal ibrat ion curve can be 

made which would enable measurements approaching 100,000 x loo6 

cgs units.  

The large 12.5 in. diameter c o i l s  are the least sus- 

ceptible t o  error ,  the maximum error  t ha t  was found Over a 

standard irregular surface was -21% compared t o  -72% fo r  the 

small coi ls .  

With proper construction the large coi l s  could be b u i l t  

so ths;t they would weigh less than 3 lbr.  

1: 794 . 37-11 
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The large co i l s  can be no closer than 4 ft,  to  large . 

metal objects or closer than 24 in, from a 1/2 in. dfameter 

aluminum tube which could be used to hold the c o i l  fo r  the 

measurement in a vacuum before lowering it to  a surface. 

small co i l s  should be no closer than 8 in. t o  a large metal 

object or any type metal structure used t o  manipulate it. 

The 

Temperature changes cause more error  in the large coil 

than i n  the small co i l s ;  however, with proper materials and 

s t ructure  par t  of t h i s  error  could be eliminated. 

SUlllUlaq 

1. A c a l i b r a t h z  curve using both s m a l l  and large c o i l s  
can be made vith a rz=sc f z G z  1 tU IGc,GXl x IG -6 cgs units, 

2. The maximum error  Over the standard i r regular  sur- 

face is -21% for  large co i l s  and -72% for  small coils.  

3. The large co i l s  could be constructed t o  conform w i t h  

the  3 lb. weight limit. 

4. The large co i l s  can be no closer than 4 ft. t o  

large m e t a l  objects and no closer than 2 f t .  t o  a metal support- 

ing beam. 

5 ,  The small co i l s  can be no closer than 8 in. t o  

m e t a l  objects consisting of spacecraft o r  manipulating hardware. 

6 .  Temperature changes cause more error in large 

coils than small c o i l  measurements. 
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BREADBOARD TESTS OF THE 4-1/2 INCH 
SURFACE MAGNETIC SUSCEPTIBILITY COILS 

A SUPPLEMENTARY REPORT 
TO 

*. PARTIAL REPORT NO. 11 

The 4-1/2 in. diameter coils shown i n  Fig. A 1  were bu i l t  

as an intermediate between the 12-1/2 in. and the 2-5/8 in. coils. 

The 12-1/2 in. coils can be used t o  obtain re l iab le  data over the 
prescribed i r regular  surface, but their  weight and s i z e  is 

objectionable. The 2-5/8 in. co i l s  are small and could be b u i l t  

t o  weigh only a f e w  ounces, but the qual i ty  of data recovered is 

poor. Hence, it w a s  thought tha t  w i t h  an intermediate size. coi l  

0 re l iab le  data could be obtained with lesa weight and volume of 

material. 

This co i l  system uses the three co i l  inductive balance 

system w i t h  Coil A located approximately 1 in. ax ia l ly  above a 

coplanar arrangement of Coils B and C. Coils A, B and C have, 

respectively, 275, 450 and 500 turns of No. 29 copper w i r e .  

procedure fo r  setting the coi l  positions is similar t o  tha t  for 

the 12-1/2 in.  diameter co i l s  described in 'Par t ia1  Report No. 11. 

The r e su l t s  of the  tes'rs of these intemediate c o i l s  are shown 

The 

in Figs. A2, A3, and Ab. c 

Fig. A2 is a p lo t  of the change in bridge reading vs. 

magnetic susceptibil i ty.  

the slope of the curve is approximately the  same as the slope 

It can be seen from t h i s  p lo t  t ha t  
* *  

I 

& 

' .  . .  
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for the 12-1/2 i n .  co i l  shown i n  Fig. 5 of Par t ia l  Report No. 11. 

Demagnitization effects  are  approximately the same, and both 

curves tend to  f l a t t en  above 10,000 x IOo6 cgs units.  
I 

Fig. A3 is a plot of change i n  bridge reading vs. 

different placements of the co i l s  over the standard i r regular  

surface. 

2900 x loo6 cgs units.  

error is 1700 x loo6 cgs units.  

The true magnetic suscept ibi l i ty  of the standard was 

The reading which shows the maximum 

This is an error  of -42%. 

Fig. A4 is a plot of change i n  bridge reading i n  going 

from air t o  standard vs. height above the surface of standard. 

It can be seen that  the maximum sensi t ivi ty  occurs when the co i l s  

s=e 2 2,ac..L,ely -- v --+ Ij'4 ia. a3wa the surface. Accordingly, 1/4 

in. legs were made and placed on the bottom of the coils.  

Tests show that  the co i l s  should be operated no closer  . 

than 24 in. t o  large metal objects or 18 in. t o  metal support 

members 

- SUUUISii  

The 4-1/2 in. co i l  system which w a s  b u i l t  to-minimize 

w e i g h t  and volume problems has a calibration curve with the 

5 -  I irregular surface was  -42% compared to  -21% for  the 12-1/2 in. . 
I 

same l i n e a r  range and slope as the 12-1/2 in. coi ls .  

The maximum errw of measurement over the standard 

co i l s  and -72% for  the 2-3/8 in. coils.  

The 4-1/2 in. coi ls  can be no closer  than 24 in. t o  

large metal objects o r  18 in.  to 'metal  support members. 31 
.i" 1 
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4-1/2" Medium Size Magnetic 
Susceptibility C o i l  Forms 

e. ~. - -- . . .  
'FIGURE A 1  

1: 794.40-3 
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Different Placements over Irregular Surface 1:194.40-5! 




